The nucleotide sequence of the Actinomyces viscosus T14V sialidase gene (nanH) (3, 6, 20, 39) . Comparison of the amino acid sequences predicted from the sialidase structural genes of various bacteria revealed the presence of a short amino acid sequence referred to as the "Asp box" sequence (34). Significant global homology among the bacterial sialidases was not detected. However, amino acid sequence homologies of between 28 and 78% were observed among the 109 sialidases from Clostridium perfringens A99, C. sordelii G12, and C. septicum NC 0054714 (37). Whereas the predicted primary protein sequences of these bacterial sialidases have been determined, information concerning the enzyme-active sites of these proteins is not known.
genes evolved from a common ancestor. Southern hybridization analyses under conditions of high stringency revealed the existence of DNA sequences homologous to A. viscosus T14V nanH in the genomes of 18 strains of five Actinomyces species that expressed various levels of sialidase activity. The data demonstrate that the sialidase genes from divergent groups of Actinomyces spp. are highly conserved.
Members of the genus Actinomyces are predominant colonizers of the human oral cavity (7, 14) . Adherence of Actinomyces spp. in vitro to human buccal epithelial cells (5) and other mammalian cell types (9, 41) is facilitated by the enzymatic activity of sialidase, which exposes galactose-or N-acetylgalactosamine-containing moieties that are the receptors for the surface fimbrial adhesins from these organisms (5, 7) . A similar bacterium-host cell interaction would be expected to occur in vivo, since sialidase activity is present in saliva and plaque fluids (32, 33) . Several indigenous plaque bacteria known to elaborate sialidase (2, 9, 16, 27, 45) are the sources of the enzyme activity detected in plaque fluids. Results from previous studies demonstrated that sialidase is produced by a large number ofActinomyces spp. (9, 27) , although it is not known whether this group of bacteria constitutes a major contributor to the levels of sialidase activity in the plaque environment. However, it is noteworthy that members of the indigenous Actinomyces spp. have evolved with multiple cell surface components, including fimbriae (7) and sialidase (9, 27) , that function in concert to enhance colonization of these organisms in the oral cavity. Moreover, sialidase activity in plaque fluids inhibits adherence of other plaque bacteria, such as certain strains of Streptococcus spp. (12, 26) , that possess receptors specific for sialic acid-containing mucin-like glycoproteins on host tissues.
Sialidase from a number of microorganisms has been characterized, and more recently, the genes that encode several of these proteins were cloned and their nucleotide sequences were determined. These include the sialidase genes from strains of Clostridium spp. (35) (36) (37) , Vibrio spp. (17) , and others (3, 6, 20, 39) . Comparison of the amino acid sequences predicted from the sialidase structural genes of various bacteria revealed the presence of a short amino acid sequence referred to as the "Asp box" sequence (34) . Significant global homology among the bacterial sialidases was not detected. However, amino acid sequence homologies of between 28 and 78% were observed among the 109 sialidases from Clostridium perfringens A99, C. sordelii G12, and C. septicum NC 0054714 (37) . Whereas the predicted primary protein sequences of these bacterial sialidases have been determined, information concerning the enzyme-active sites of these proteins is not known.
The Actinomyces viscosus T14V sialidase gene (nanH) was identified as a first step toward elucidating the biochemical characteristics of the enzyme (53) . Results from the previous study showed that A. viscosus T14V nanH is maintained stably in Escherichia coli. Moreover, high levels of enzyme activity were obtained from the sialidase-positive recombinant E. coli strain. The focus of the present study was to determine the nucleotide sequence of A. viscosus T14V nanH and the upstream DNA region that contains regulatory sequences for the control of gene expression. The predicted amino acid sequence ofA. viscosus T14V sialidase was compared with those of other bacterial (3, 6, 17, 20, (35) (36) (37) 39) , viral (1, 44) , and Trypanosoma sp. (24, 31) sialidases. The sialidase gene from A. viscosus T14V also was used as a DNA probe to detect the presence of related sequences and the degree of sequence homology in 18 strains of five Actinomyces species (23) that express various levels of sialidase activity. Significant conservation of A. viscosus T14V nanH was observed among members of the genus Actinomyces.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains and plasmids used in this study are listed in Table 1 . The media and growth conditions used forActinomyces sp. and E. coli strains were described previously (8, 53) .
Subcloning and nucleotide base sequencing. Plasmids pMY450-1 and pMY450-5, which contain the A. viscosus T14V sialidase gene on a 4.3-kbp EcoRI DNA fragment inserted in opposite orientations in pSK+ (53) , were purified by ethidium bromide-CsCl equilibrium gradient centrifugation as described previously (40) . A series of nested dele- Washed cells (8 x 108) were incubated with the substrate at 37'C for 1 h. Bacteria were removed at the end of the incubation period, and the amount of sialic acid in the supernatant fluid was determined. c Soluble protein from sonicated cell lysates of E. coli carrying various plasmids prepared as described previously (53) . d Extracellular sialidase in growth medium prepared by ammonium sulfate fractionation (60% saturation) as described previously (53) .
tions was obtained from these plasmids by using exonuclease III and Si nuclease (GIBCO-BRL Life Technologies, Inc., Gaithersburg, Md.) by the method of Henikoff (19) . Additional derivatives of pMY450-1 and pMY450-5 were obtained by digesting the plasmids with restriction endonucleases and ligating the digested fragments to pSK+ linearized with the appropriate enzymes. E. coli MV1184 (53) was used as the host for transformation (40) . Single-stranded DNA was prepared from the culture supematant fluid of each E. coli recombinant strain coinfected with helper bacteriophage M13K07 (46) as described previously (40) . Single-stranded DNA templates also were obtained by incubation of plasmid DNA (5 ,ug) (2 ,ug) was digested with BamHI, and the DNA fragments were separated on 1% agarose gels. The procedures for agarose gel electrophoresis, DNA transfer, and hybridization under conditions of high stringency were as described previously (50) . Plasmid pMY450-1 was digested with various restriction endonucleases (GIBCO-BRL), and the DNA fragments were eluted from agarose by using reagents from the Elu-Quik DNA purification kit (Schleicher & Schuell, Inc., Keene, N.H.).
[a*-32P]dCTP (3, 000 Ci/mmol; DuPont NEN)-labeled DNA probes were prepared by nick translation as described previously (53) .
Primer extension analysis. Total RNA from A. viscosus T14V harvested at the mid-exponential and early stationary phases of growth (optical densities at 660 nm, 0.5 and 0.8, respectively) was isolated by CsCl gradient centrifugation as described previously (50) . An 18-base oligonucleotide complementary to the DNA sequence between bases 396 and 413 (see Fig. 2 Determination of protein and enzyme levels and isoelectric points. Expression of sialidase activity by Actinomyces strains or E. coli subclones was monitored by spotting bacterial colonies onto Whatman 3MM filter papers saturated with a 150 ,uM concentration of the fluorogenic sialidase substrate 2'-(4-methylumbelliferyl)-a-D-N-acetylneuraminic acid (MU-Neu5Ac, sodium salt; Sigma) (27) (Sigma) . The assay conditions were described previously (53) . Determination of the cell-associated sialidase of Actinomyces spp. in a washed bacterial cell suspension also was previously described (53) .
Preparation of extracellular sialidase by ammonium sulfate (60% saturation) precipitation of the culture supematant fluids ofA. viscosus T14V or E. coli MY450-1 and sonicated cell lysates from E. coli MY450-1 was done as described previously (53) . A. viscosus T14V cell-associated sialidase was extracted from whole cells by digestion with lysozyme (500 ,ug/ml) at 37°C for 2 h. The extracted proteins were separated from undigested bacterial cells by centrifugation at 15,000 x g and brought to 60% saturation with solid ammonium sulfate. The precipitated proteins were dissolved in a buffer containing 10 mM Tris-HCl (pH 7.0), 150 mM NaCl, 4 mM CaCl2, and 0.2 mM phenylmethylsulfonyl fluoride and dialyzed against 500 volumes of the same buffer at 4°C. Protein concentrations were determined with bicinchoninic acid reagents (Pierce Chemical Co., Rockford, Ill.).
Isoelectric focusing of the various protein fractions was performed by the method of Rowley et al. (38) . Soluble protein (300 ,ug) was applied to 4% polyacrylamide nondenaturing tube gels containing 2% (wt/vol) ampholine (pH 3 to 10; Bio-Rad Laboratories, Richmond, Calif.). Proteins were electrofocused at a constant voltage of 500 V for 2 h at 4°C. Isoelectric focusing of proteins on similar gels containing 0.25% CHAPS {3-[(3-cholamidopropyl)dimethyl-ammonio]-1-propanesulfonate; Sigma}, which removes nonspecifically adhering hydrophobic proteins, also was performed. After electrophoresis, the gels were incubated in 300 ,uM MUNeuSAc in 0.17 M sodium acetate (pH 5.4) for 15 min at 37°C. Protein bands exhibiting sialidase activity were detected by exposure to long-wavelength UV light. The relative isoelectric points (pls) of the fluorescent bands were determined from a calibration curve prepared from a set of pl markers (Bio-Rad) electrofocused under identical conditions. The pIs determined for human hemoglobin and cytochrome c electrofocused along with the protein sample under examination were used as internal markers to account for electrophoretic variations among gels.
Nucleotide sequence accession number. The GenBank accession number for the sequence presented in this paper is L06898.
RESULTS
Expression of sialidase activity by pMY450-1 and its derivatives. Several deletion derivatives of pMY450-1 were obtained, and their restriction endonuclease maps were determined ( Fig. 1) . Expression of sialidase activity by each subclone was assessed by the rapid filter spot assay (53) . E.
coli strains carrying pMY450-1/11, pMY450-1/13, pMY450-1/19, or pMY450-1/23 exhibited blue fluorescence with intensities comparable to that observed in E. coli MY450-1 after incubation with the fluorogenic substrate. In contrast, no fluorescence signal was detected with E. coli carrying pMY450-1/25, which contained the 2.3-kb KpnI-EcoRI DNA fragment, or pMY450-1/29, which contained a deletion of approximately 400 bp in close proximity to the rightmost EcoRI site of pMY450-1 (Fig. 1) . The enzyme activity in sonicated extracts of these subclones was determined by using human a1-acid glycoprotein (Table 1) , one of several natural substrates for A. viscosus T14V sialidase (53) . Enzyme activity was below the level of detection for E. coli MY450-1/25 and MY450-1/29. Thus, the DNA region between the leftmost SstI and rightmost EcoRI sites on pMY450-1 in the orientation depicted in Fig. 1 containing CHAPS, indicating the absence of contaminating hydrophobic proteins that might have interfered with the electrophoretic mobility of the enzyme (data not shown). The overall G+C content of the ORF was 71%, which was in accord with the high G+C content (67%) of the A. viscosus T14V chromosome (10) . Moreover, a bias for C or G at the third position of each codon was observed (Fig. 2) and the codon usage of the sialidase gene was similar to that of the Actinomyces sp. fimbrial subunit genes (52) .
Sequence analysis by the program of Kyte and Doolittle (25) revealed several prominent hydrophobic regions that were distributed in the amino-terminal end and central region of the predicted protein. The amino acid sequence at the amino terminus resembled that of a typical signal peptide (48) (Fig. 2 , amino acid residues marked by broken underlining). Five 12-amino-acid repeating units were localized within the central domain of the predicted protein ( Fig. 2 and  3 ) that shared between 33 and 67% sequence homology. Each repeating unit exhibited sequence similarity to the conserved Asp box sequence (34) . Of the five repeating units shown in Fig. 3 , four (blocks I through IV) contained the five conserved residues (-Ser-X-Asp-X-Gly-X-Thr-Trp-) at positions identical to those in the consensus Asp box sequence, while one (block V) contained a conserved substitution of Ser at the Thr position. A homology search of the GenBank (4) data base revealed significant sequence identity (32% over 272 amino acids) between the predicted amino acid sequence of the central domain ofA. viscosus T14V sialidase and the partial protein sequence of Bacteroides fragilis TAL2480 sialidase (accession number M31663). Both sequences contained five Asp box sequence units with comparable distances between the units in each protein (39) . The results agree with the previous finding that the Asp box sequences and the distances between them are highly conserved among sialidases from phylogenetically unrelated organisms (34 ing fiveActinomyces species (Table 1) . Each strain gave blue fluorescence after incubation of the washed cell suspensions with MU-Neu5Ac as monitored by a filter paper spot assay (data not shown). As shown in Table 1 , the levels of cell-associated and extracellular sialidase activities from each Actinomyces strain varied considerably. Among the strains examined, those that produced high levels of the cell-associated enzyme also produced high levels of extracellular enzyme activity. It is not known whether these sialidase-producing Actinomyces strains, like A. viscosus T14V, contained only one copy of the sialidase gene (53) or whether the structural genes that encode sialidase from these strains were homologous to that from A. viscosus T14V.
DNA sequences homologous to A. viscosus T14V nanH were detected in the genomes of each of the 18 sialidaseproducing Actinomyces strains under hybridization conditions that allowed a 10% nucleotide sequence mismatch (Fig.   4 ). The DNA probe was the EcoRI-KpnI DNA fragment (Fig. 2, between bases 1 and 3,044 ) that contained the nanH structural gene and the adjacent regulatory region. Considerable heterogeneity was observed in the genomic DNA related to nanH among the different bacteria. However, the hybridization patterns were notably homogeneous among the rodentA. viscosus, monkeyA. viscosus, andA. naeslundii, A. bovis, and A. odontolyticus strains. A hybridization profile identical to that seen in Fig. 4 was obtained when a 1.03-kb BglI-KpnI DNA fragment (Fig. 2, between bases 1,282 and 2,318) that encodes the five repeating 12-aminoacid units was the DNA probe (data not shown).
Significant (89%) sequence homology was noted when the predicted amino acid sequence ofA. viscosus T14V sialidase was compared with that of A. viscosus DSM 43798 sialidase (20) . The predicted proteins from these two strains shared three regions of nearly 100% sequence identity (A, B, and C, corresponding to amino acids 1 to 315, 342 to 670, and 738 to 850, respectively) that were interrupted by short regions of nonsignificant homology (Fig. 5) . The common B domain contained the amino acid sequence (Fig. 5, enclosed 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Determination of the transcriptional initiation site(s) for A. viscosus T14V nanH. The 18-base synthetic oligonucleotide 5'-GGCAGGCGCCTCCGGGAG-3', which is complementary to the nucleotide sequence between positions 396 and 413 ( Fig. 1) , was used in primer extension analyses to hybridize to A. viscosus T14V total RNA. Two transcriptional initiation sites, designated Ti and T2, were obtained with cellular RNA from both the mid-exponential and early stationary phases of growth (Fig. 6A) . The intensities of the two bands were comparable in reactions with RNA extracted from cells in the mid-exponential phase of growth. In contrast, the signal observed with the second band was less intense than that obtained with the first band in the reaction using RNA from cells in the early stationary phase of growth (Fig. 6A, lane 2) . Thus, the transcriptional start sites of the A. viscosus T14V nanH mRNA were mapped to thymidine at position -125 (Ti) and cytosine at position -104 (T2), respectively, relative to the translational start codon (Fig. 2) . Alignment of the 5' nucleotide base sequences upstream of each transcriptional start site revealed significant homology between bases -14 and -18 and -25 and -53, respectively, with respect to the positions of Ti and T2 (Fig. 6B ).
DISCUSSION
Sequence analysis of A. viscosus T14V nanH and its predicted protein revealed the presence of unique features that are characteristic of sialidases from other bacteria (34) . The calculated molecular weight (92,871) of the predicted protein and the molecular weight (100,000) determined previously by maxicell analysis of the protein expressed by E. coli carrying A. viscosus T14V nanH (53) calculated pI (5.72 ) of the predicted protein and the observed pI (5.45 ) determined for the cell-associated and extracellular sialidases from A. viscosus T14V and E. coli carrying nanH were in close agreement. The predicted A. viscosus T14V sialidase contained five 12-amino-acid units ( Fig. 2 and 3 ) that were homologous to the conserved Asp box sequence present in sialidases from other bacteria (3, 6, 17, 20, (35) (36) (37) 39) , viruses (1, 41) , and Trypanosoma spp. (24, 31) . Results from Southern analysis showed that A. viscosus T14V nanH was highly conserved among sialidase-producing strains of Actinomyces spp. (Fig. 4) . Taken together, the data demonstrate that the Actinomyces sp. sialidase genes are members of the same subfamily that share a common ancestor with the other prokaryotic and eukaryotic sialidase genes.
Each of the 18 strains of Actinomyces spp. examined in the present study expressed cell-associated and extracellular sialidase activities (Table 1) . Quantitation of enzyme activity from various subcellular fractions from each strain indicated that >80% of the total enzyme was cell bound while less than 10% was cell free (51) . The 1 ). Since the translational stop codon of the predicted sialidase ORF was located at nucleotide base 3,078 (Fig. 2) (269-fTGCAG-16 bp-TACCT1-296) that contains the highly conserved bases (underlined) of the E. coli promoter sequence (18) . The -35 region of this sequence was in close proximity to nanH transcriptional start site Ti (Fig. 2) . It is likely that this sequence will be preferentially utilized in E. coli for expression of sialidase activity encoded by the inserted DNA. This would account for the stability of A. viscosus T14V nanH in E. coli and for the high level of enzyme activity obtained from the latter host (53) . Primer extension analysis using total RNA from E. coli MY450-1 will allow comparison of the transcriptional initiation sites for nanH in E. coli and A. viscosus T14V. The present results indicate that conformity to the canonical E. coli promoter sequence is insufficient for signal transcription in A. viscosus T14V. Further studies are needed to characterize the structure of the promoter sequence involved in the modulation of nanH expression in this organism.
